Massive star-forming regions with observed infall motions are good sites for studying the birth of massive stars. In this paper, 405 compact sources have been extracted from the APEX Telescope Large Area Survey of the Galaxy (ATLASGAL) compact sources that also have been observed in the Millimetre Astronomy Legacy Team 90 GHz (MALT90) survey during Years 1 and 2. These observations are complemented with Spitzer GLIMPSE/MIPSGAL mid-IR survey data to help classify the elected starforming clumps into three evolutionary stages: pre-stellar, proto-stellar and UCHII regions. The results suggest that 0.05 g cm −2 is a reliable empirical lower bound for the clump surface densities required for massive-star formation to occur. The optically thick HCO + (1-0) and HNC(1-0) lines, as well as the optically thin N 2 H + (1-0) line were used to search for infall motions toward these sources. By analyzing the asymmetries of the optically thick HCO + (1-0) and HNC(1-0) lines and the mapping observations of HCO + (1-0), a total of 131 reliable infall candidates have been identified. The HCO + (1-0) line shows the highest occurrence of obvious asymmetric features, suggesting that it may be a better infall motion tracer than other lines such as HNC(1-0). The detection rates of infall candidates toward pre-stellar, proto-stellar and UCHII clumps are 0.3452, 0.3861 and 0.2152, respectively. The relatively high detection rate of infall candidates toward UCHII clumps indicates that many UCHII regions are still accreting matter. The peak column densities and masses of the infall candidates, in general, display a increasing trend with progressing evolutionary stages. However, the rough estimates of the mass infall rate show no obvious variation with evolutionary stage.
INTRODUCTION
Gravitational infall is a key part of the massive-star formation process, contributing via competitive accretion (Bonnell, Vine, & Bate 2004) and core accretion (McKee & Tan 2003) . These processes occur in high-mass young stellar objects (YSOs) at early evolutionary stages and continue their presence until later stage UCHII regions (Keto 2003; Sollins & Ho 2005) . As shown by theoretical works (e.g. Jijina & Adams 1996; Yorke & Sonnhalter 2002; Gong & Ostriker 2009 ), infall motion is critical for initiating high-mass E-mail:heyuxin@xao.ac.cn † Email: zhoujj@xao.ac.cn star formation, while also maintaining accretion flows to feed the stellar mass during subsequent evolutionary stages. Simulations, theory and observations are converging to the idea that the collapse and outflow phenomenon is universal, covering the full range of stellar mass scales from brown dwarfs to massive stars. Moreover, infall and outflow motions should be closely related and interact with each other throughout the star formation history (Li et al. 2014) . Thus infall candidates can serve as good sources in which to study massive star formation and gas dynamics in molecular cores.
high-mass infall candidates are still few. Further observations are needed to better constrain the physical properties of the infall, including its spatial distribution, mass infall rate, chemical effect, and understanding its relation with respect to other dynamical processes, including outflow, disk accretion and core fragmentation (Ren et al. 2012) .
In this paper, 405 compact sources have been selected based on the results of the APEX Telescope Large Area Survey of the Galaxy (ATLASGAL) survey (Schuller et al. 2009 ) and the Millimetre Astronomy Legacy Team 90 GHz (MALT90) survey (Jackson et al. 2013) . Infall motions toward these sources will be identified and studied using two optically thick lines HCO + (1-0) and HNC(1-0), and one optically thin line, N2H
+ (1-0). The mapping observations of these surveys allow the identification of the most probable infall candidates. A brief introduction for the ATLASGAL survey and the sample selection are presented in Section 2.1, the MALT90 survey and Spitzer survey in Section 2.2 and 2.3, and the classification of the sample sources in Section 2.4. In Section 3 their kinematic distances, peak column densities and masses are calculated, and in Section 4 the infall candidates are identified and investigated. The conclusions are summarized in Section 5.
DATA

The ATLASGAL survey
The ATLASGAL is the first systematic survey of the inner Galactic plane at sub-millimeter wavelengths. Using the 12 m APEX telescope, the aim of this survey was to study continuum emission from the highest density regions of dust at 345 GHz. The angular resolution of the APEX telescope at this frequency is 19 .2. The typical pointing r.m.s. error was measured to be ∼4 , and the r.m.s. of the images is 50-70 mJy beam −1 (Schuller et al. 2009 ). Contreras et al. (2013) published one catalog containing 6639 compact sources located in the range of 330
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• (see following). The data from this catalog has been complemented with observations from the MALT90 survey (years 1 and 2) (Jackson et al. 2013 ). The source sample has been selected using the following criteria: (i) detected N2H + (1-0), HNC(1-0), and HCO + (1-0) emissions with signal-to-noise ratio larger than 3; (ii) a peak flux at 870 µm above 6σ, which corresponds to a flux density of ∼ 0.4 Jy beam −1 ; and (iii) an angular distance between any two sources larger than the Mopra beam size (36 at 90 GHz). These criteria ensure that the sources are not contaminated by emission from an adjacent clump. Using these criteria, 405 compact sources with good molecular lines have been selected for a sample.
The MALT90 survey
The MALT90 Survey is a large international project that obtains molecular line maps in order to characterize the physical and chemical conditions of high-mass star formation regions over a wide range of evolutionary stages. The sample for this survey is a sub-sample of the ATLASGAL catalog. The angular resolution of the 22 m Mopra radio telescope at 90 GHz is 36 (Jackson et al. 2013 ). The MALT90 data has been obtained from the online archive 1 . The data were reduced by the software GILDAS (Grenoble Image and Line Data Analysis Software).
The Spitzer surveys
The Galactic Legacy Infrared Mid-Plane Survey Extraordinaire (GLIMPSE) survey is a Spitzer/IRAC Legacy survey of the Galactic mid-plane (Benjamin et al. 2003; Churchwell et al. 2009 ) at 3.6, 4.5, 5.8, and 8.0 µm, respectively. The angular resolution is better than 2 at all wavelengths. The MIPS/Spitzer Survey of the Galactic Plane (MIPSGAL) is a survey of the Galactic plane at 24 and 70 µm using the Multiband Imaging Photometer aboard the Spitzer Space Telescope (MIPS). The angular resolution at 24 and 70 µm is 6 and 18 (Carey et al. 2009 ). The highly reliable point source catalogs released from the GLIMPSE survey and the mosaicked images of MIPSGAL at 24 µm have been used in the following analysis.
Classification
The clumps, which contain objects (in projection) obeying the criteria (a point-source should have , were assumed to host star-forming activities (Gutermuth et al. 2008) . Any clumps associated with 24 µm point sources were also assumed to host a forming star. As a MIPS-GAL 24 µm point source catalog has not been published, the STARFINDER algorithm (Diolaiti et al. 2000) has been used to search for point sources in the 24 µm MIPSGAL images. Sources have been extracted that had an S/N ratio better than 7, resulting in 280 clumps that were associated with star formation. Of these 280 star-forming clumps, 78 are associated with IRAS sources, and 64 out of these 78 clumps were IRAS sources that satisfied the criteria for being an UCHII region (Wood & Churchwell 1989) . Fifteen of the 280 star-forming clumps were identified as UCHII regions in the literature, (see the last column of Table 1 for their corresponding references). The remaining 201 star-forming clumps were classified as proto-stellar clumps. Eighty-four clumps having no star-formation properties were classified as pre-stellar clumps. Column 10 of Table 1 lists the evolutionary stages of all clumps in our sample. It should be noted that no attempts have been made to determine the evolutionary stage of 41 clumps associated with saturated 24 µm sources or photo-dissociation regions; these clumps are indicated as "Non" in Table 1 . be noted that, if one source is located outside the solar circle (i.e. > 8.5 kpc from the Galactic Centre) or is at a tangential point, we will calculate one unique distance. However, if one source is located within the solar circle (i.e. < 8.5 kpc from the Galactic Centre), two possible distances are obtained (one near, one far). This degeneracy is commonly referred to as the kinematic distance ambiguity (KDA). Here the HI self-absorption technique ) is used to resolve the KDA. For this purpose HI spectra have been extracted from the Southern Galactic Plane Survey (SGPS: McClure-Griffiths et al. 2005 ) and the VLA Galactic Plane Survey (VGPS: Stil et al. 2006) . If a clump is at the near distance, cold and dense HI contained therein will absorb warmer HI background line emission, and the spectrum of HI will show self-absorption, whereas any clumps at the farther distance will not display any self-absorption as there is not any background radiation to absorb . Using this method, we determined the kinematic distance to 257 clumps (see Table 1 ). For the remaining 16 clumps, 14 of them are located within the solar circle and do not have any HI data, so we are unable to resolve their KDAs. For another two clumps, G331.374−0.314 and G353.019+0.976, although their observed N2H + (1-0) peak lies in a HI trough, HI spikes are present within the trough making it impossible to resolve their KDAs. As an example of this procedure, Fig. 1 shows an unambiguous near-distance solution using the N2H + (1-0) emission line that coincides with a HI absorption (right panel), and a far-distance clump with no HI absorption located at the N2H + (1-0) peak velocity (left panel). The N2H + (1-0) and overlaid HI spectral profiles of all 273 clumps are available online.
Peak column density
The peak flux density at 870 µm of each clump (Table 1) was used to derive the beam-averaged H2 column density via the formula
, where Sν is the peak 870 µm flux density, R is the gas-to-dust mass ratio (assumed to be 100), Ω is the beam solid angle, µ is the mean molecular weight of the interstellar medium assumed to be equal to 2.8, mH is the mass of a hydrogen atom, Bν is the Planck function for dust temperature TD, and κν is the dust-absorption coefficient taken as 1.85 cm 2 g −1 (interpolated to 870 µm from Col. 5 of Table 1 , Ossenkopf & Henning 1994) . Following the results of Hoq et al. (2013) , the temperatures of pre-stellar, proto-stellar and UCHII clumps are assumed to be 13.9 K, 17.9 K, and 26 K, respectively.
The distributions of the 870 µm peak flux densities for the pre-stellar, proto-stellar and UCHII clumps are shown in Fig. 2 and standard deviation of each distribution are summarized in Table 5 .
Clump mass
Assuming that the dust emission is optically thin in the sub-millimeter continuum, masses of clumps with known distances can be calculated from the dust continuum emis-
, where Sν is the integrated 870 µm flux and D is the heliocentric distance to the source, R, Bν , TD, and κν are the same as in section 3.2. Fig. 3 (a) shows the distributions of the pre-stellar, proto-stellar and UCHII clumps as a function of the integrated 870 µm flux density. Their corresponding median values are 12.3, 14.98 and 33.06 Jy, respectively. The median values of the mass distributions of the pre-stellar, proto-stellar and UCHII clumps are 1905.5, 1737.8 and 2138.0 M , respectively (Fig. 3 (b) ). The masses of the pre-stellar, proto-stellar and UCHII clumps show similar distributions. The statistical parameters of these distributions are summarized in Table 5 . More than 96.6% of all clumps have masses larger than 100 M , and the median value is 1905.5 M (Fig. 3 (c) ). Kauffmann et al. (2010b) found that high-mass star-forming regions obey the mass-size relationship m(r) 580M (R ef f pc −1 ) 1.33 , which was confirmed by and 0.05 g cm −2 , respectively. All sources are located in the region Σ(gas) > 0.05 g cm −2 . This is consistent with the result of Urquhart et al. (2013a) . Therefore, high-mass star formation may take place when the surface density is larger than 0.05 g cm −2 .
Applying the criteria of Bressert et al. (2012) 
INFALL CANDIDATES
Identification of infall candidates
The HCO + (1-0), HNC(1-0) and N2H + (1-0) line profiles have been extracted at the centers of all 405 clumps as determined by the peak 870 µm emission of each clump. The line parameters were derived by Gaussian fitting. It should be noted that some clumps show asymmetric profiles that cannot be fitted by a single-Gaussian function directly. However, the upper portion of the highest peak of HCO + (1-0) and HNC(1-0) profile shows a symmetric profile, which can be fitted by a single-Gaussian function. The uncertainties of the velocities at these peaks were estimated by the Gaussian fit. The optically thin N2H + (1-0) lines were fitted using the hyperfine fitting routines in CLASS to determine their peak velocity and FWHM. The derived line parameters of all sources are given in Table 2 .
Following the method of Mardones et al. (1997) , 150 blue profiles were identified using the HCO + (1-0) lines, 99 blue profiles were identified using the HNC(1-0) lines, and 87 sources show blue profiles in both the HCO + (1-0) and HNC(1-0) spectra. The profile asymmetries are given in Table 2. Any sources that display blue profiles are possible infall candidates. However, rotation might cause a blue asymmetric line profile at one side of the rotation axis, but at the same time the red asymmetry could appear at the other side of the rotation axis. Outflow could also cause blue and red asymmetry on opposite directions. Checking the spatial variation of profile asymmetries of these sources can help us to identify reliable infall candidates.
The source G012.418+0.506 is a typical example of an infall candidate (Fig. 5) . The right panel of Fig.5 shows N2H
+ (1-0), HNC(1-0) and HCO + (1-0) spectra detected toward the peak position of this clump. An obvious blue asymmetry is present in both of the HCO + (1-0) and HNC(1-0) spectra. It is seen that the HCO + (1-0) spectra displays a blue asymmetry in all of the mapping regions (left panel of Fig. 5) . Conversely, the source G337.406-0.402 appears to be a typical example of a blue asymmetry caused by rotation (Fig. 6 ). HCO + (1-0) spectra detected toward the peak position of this clump display a blue asymmetry (right panel of Fig. 6 ). However, the profile asymmetry of HCO + (1-0) shows spatial variation across the mapping region. Because of the rotation, the extended blue asymmetry of the HCO + (1-0) profiles reverses to an extended red asymmetry with respect to the northwest-southeast axis through the center of the clump (left panel of Fig. 6 ). The figures of the other infall candidates are available online.
Finally, a total of 29 infall candidates were identified among the 84 pre-stellar clumps; 78 infall candidates among the 201 proto-stellar clumps; 17 infall candidates among the 79 UCHII region clumps; and seven infall candidates among the 41 clumps that do not have a classification (Table 1) . The parameters of all 131 reliable infall candidates are listed in Table 3 . The detection rates of the infall candidates are 0.3452, 0.3881 and 0.2152 for pre-stellar, proto-stellar, and UCHII clumps, respectively (Table 4) .
In order to quantify whether the blue profile dominates in a given sample, a blue excess may defined as E: E=(N blue −N red )/N total , where N blue and N red are the number of sources that show blue or red profiles, respectively, Table 2 . Examples of the derived line parameters and profiles of the observed sources. Quantities in parentheses give the uncertainties in units of 0.01. The columns are as follows: (1) Clump names; (2) peak velocity of HCO + (1 − 0); (3) peak velocity of HN C(1 − 0); (4) peak velocity of N 2 H + (1 − 0); (5) FWHM of N 2 H + (1 − 0); (6) asymmetry of HCO + (1 − 0); (7) asymmetry of HN C(1 − 0); (8) profile of HCO + (1 − 0) and HN C(1 − 0). The full table is available online. and N total is the total numbers of sample sources (Mardones et al. 1997) . The excess E values of pre-stellar, proto-stellar and UCHII clumps are 0.2857, 0.2189 and -0.1139, respectively. This result is consistent with our prediction that infall motions dominate the early stage of high-mass star formation. The corresponding probability P values (see Fuller, Williams, & Sridharan (2005) , and references therein), which characterize the blue excess arises by chance, are 0.0003, 0.00005, and 0.13, respectively. cm −2 and 6.92×10 22 cm −2 , respectively. They also display an increase with evolutionary stage. It should be noted that the median values of the peak 870 µm flux densities and peak column densities for the infall candidates at pre-stellar and proto-stellar stages are less than the corresponding values of the non-infall candidates. Instead, the peak 870 µm flux densities and peak column densities of the infall candidates display a more obvious increasing trend with evolutionary stage. Fig. 7 (c) presents the H2 column density distributions of all the infall candidates (red histogram), non-infall candidates (blue histogram) and the whole sample (grey histogram). The median values are 5.50×10 22 cm −2 and 6.46×10 22 cm −2 for infall and non-infall candidates, respectively. This suggests that the peak column densities of the infall candidates, in general, are smaller than those of the non-infall candidates.
The distributions of the integrated 870 µm flux densities and masses of the infall candidates (red histogram), as separated by evolutionary stage, are shown in Fig. 8 (a) and (b). The median values of the integrated 870 µm flux densities for the pre-stellar, proto-stellar and UCHII clumps with infall are 10.74, 14.59 and 34.52 Jy, respectively. The corresponding median values of their masses are 1258.9, 1659.6 and 2041.7 M , respectively. The distributions of the integrated 870 µm flux densities and masses of the non-infall candidates (blue histogram) are also shown in Fig. 8 (a) and (b). The median values of the integrated 870 µm flux densities of the pre-stellar, proto-stellar and UCHII clumps are 12.77, 15.4 and 32.5 Jy, respectively. Their corresponding median masses are 3090.3, 2238.7 and 2187.8 M , respectively. Clearly the masses of the infall candidates increase as the clumps evolve, while those of the non-infall candidates decrease. The median mass values of the infall candidates are smaller than those of the non-infall candidates at the pre-stellar and proto-stellar stages. One reasonable explanation for these results is that a relatively large proportion of non-infall candidates at pre-stellar and proto-stellar stages have large distances, and clumps with larger distances usu- ally have larger masses. The median values of their masses are 1659.6 M and 2290.9 M for all the infall and non-infall candidates, respectively (Fig. 8 (c) ). The statistical parameters for each of these distributions are summarized in Table  5 .
Mass infall rate
For the 131 infall candidates, a rough estimate of their infall rate may be determined from:Ṁ inf =4πR 2 V inf ρ (Eq. 5; López-Sepulcre, Cesaroni,& Walmsley 2010), where V inf 3 ) is the average clump volume density, and R is the radius of the clump. Here we used R and M as derived from the dust continuum emission at 870µm. The obtained mass infall rates are listed in Table 3 . Fig. 9 shows the distributions of the mass infall rates of the infall candidates separated into pre-stellar, proto-stellar and UCHII stages. Their corresponding median values are 0.0078, 0.0077 and 0.0074 M yr −1 , respectively. The mass infall rates of the infall candidates display no obvious variation with evolutionary stage. The statistical parameters for each of these distributions are summarized in Table 5 .
CONCLUSIONS
A total of 405 compact sources have been selected on the basis of the ATLASGAL and MALT90 survey data. These were then classified as pre-stellar, proto-stellar and UCHII clumps, and the optically thick lines HCO + (1-0) and HNC(1-0), and the optically thin N2H + (1-0) line were used to search for infall candidates.
A total of 96.4% of our sample sources satisfy the empirical mass-size relationship for massive star formation, and thus have the potential to form high-mass stars. Our result suggests that 0.05 g cm −2 is a reliable lower , and large H2 column densities (>10 23 cm −2 ), except for G008.691-0.401. They all lie at far distances (>10 kpc), and none of these are infall candidates. The peak 870 µm flux densities and the column densities of the clumps display an increasing trend with their evolutionary stage.
A total of 131 reliable infall candidates have been identified with a detection rate towards pre-stellar, proto-stellar and UCHII clumps of 0.3452, 0.3881 and 0.2152, respectively. This supports the result that infall motions accompany the high-mass star formation process. The relatively high detection rate of the infall candidates toward the UCHII clumps indicates that many UCHII regions are still accreting matter. The roughly estimated mass infall rates of the infall candidates at pre-stellar, proto-stellar and UCHII stages are 0.0078, 0.0077 and 0.0074 M yr −1 , respectively.
The peak column densities and masses of the infall candidates, in general, display an increasing trend with evolutionary stage. Nos. RCPY201202 and XBBS-2014-24 . WAB acknowledges the support as a Visiting Professor of the Chinese Academy of Sciences (KJZD-EW-T01).
